BACKGROUND Incident self-reported physician-diagnosed clinical gallbladder disease was compared to BMI, body AND AIMS:
INTRODUCTION
In the United States, 10-15% of the population is affected by gallstones (cholelithiasis), with cholesterol stones being most common (1, 2) . Although the mortality associated with cholecystitis is low (0.6%), the annual US cost for the >700,000 cholecystectomies is approximately 6.5 billion dollars (2) , making it the most costly and common of digestive disease requiring hospitalization. Cholesterol stones are formed by cholesterol supersaturation, accelerated cholesterol crystal nucleation, and impaired gallbladder motility (2) .
Female sex, familial history, obesity, rapid weight loss or weight cycling, high caloric intake, and diets high in fat and cholesterol are all risk factors for cholesterol stones (2) . Gallbladder disease is two to three times more likely to affect women than men when young, although after menopause the difference diminishes somewhat. Nevertheless, risk for gallstones increases with age in both sexes, particularly in conjunction with other risk factors (1, 2) . The greater risk for gallbladder disease associated with obesity appears to be due in part to increased hepatic cholesterol secretion (3) .
The epidemiological evidence relating physical activity to gallbladder disease is inconsistent, and includes studies both supportive (4) (5) (6) (7) (8) (9) (10) and at variance (11) (12) (13) (14) (15) (16) (17) (18) (19) with their association. In part, this inconsistency may relate to the inadequate inclusion of vigorous physical activity (activities that expend at least six-fold the energy equivalent of being at rest (20) ). Vigorous physical activity, in particular, reduces adiposity, hyperinsulinemia, and plasma triglyceride levels, while increasing plasma high-density lipoprotein (HDL) cholesterol levels (21) , which are risk factors for cholesterol gallstone formation. Cardiorespiratory fitness and physical performance have not previously been identified as risk factors for gallbladder disease.
Williams
The National Runners' Health Study is unique among prospective epidemiological studies in targeting vigorously active men and women to assess the dose-response relationship between vigorous exercise and health outcomes (21) (22) (23) (24) (25) (26) (27) (28) (29) . Prior reports from this study show that the prevalence of hypertension, hypercholesterolemia, and diabetes are all inversely related to the weekly dose of vigorous exercise and 10-km race performance speed (a measure of cardiorespiratory fitness) (23) . They also demonstrate prospectively that vigorous exercise attenuates age-related weight gain (24) , and reduces the risk of diabetes in proportion to the exercise dose (25) . This paper further demonstrates the health benefits of vigorous exercise, leanness, cardiorespiratory fitness, and physical performance in preventing symptomatic clinical gallbladder disease.
METHODS
The design and methods of the National Runners' Health Study are described elsewhere (21) (22) (23) (24) (25) (26) (27) (28) (29) . Briefly, cohort recruitment was achieved by distributing two-page questionnaires nationally to runners identified through Runner's World magazine subscription lists and among participants of foot race events. The questionnaire solicited information on demographics, running history, weight history, smoking habits, prior history of heart attacks and cancer, and medications for blood pressure, thyroid, cholesterol, and diabetes. Recruitment took place between 1991 and 1994 (primarily 1993) and follow-up between 1999 and 2002. We estimate that approximately 15% of the participants who received questionnaires responded to our baseline survey (the number is approximate because we do not know the number of survey questionnaires actually distributed and the proportion of individuals who received multiple questionnaires). The study protocol was approved by the University of California Berkeley Committee for the Protection of Human Subjects, and all participants signed committee-approved informed consents.
Follow-up questionnaires were sent by mail requesting information on current running levels, body weight, and medical condition. Multiple follow-up survey questionnaires were sent and telephone calls made until a priori determined response rate of 80% of the participants provided follow-up information or were known deceased. Participants were asked, " Since 1991, have you been diagnosed by a physician for any of the following conditions (provide year of diagnosis if yes)" with gallbladder disease as one of the listed conditions. Self-reported cholecystectomies or physician diagnoses of gallstones have been shown by others to be 99% verifiable in the Health Professionals Follow-up Study (4) . In that study, all 441 of the self-reported symptoms and all but one selfreported diagnostic procedures were confirmed by medical record review (4) . Running distances were reported in usual miles run per week at baseline. Although other leisure-time physical activities were not recorded for this cohort, data from runners recruited after 1998 (when the question was added to the survey) showed running represented (±SD) 91.5 ± 19.1% and 85.2 ± 24.0% of all vigorously intense activity in men and women, respectively, and 73.5 ± 23.7% and 69.4 ± 25.7% of total leisure-time physical activity, respectively.
Body mass index (BMI) was calculated as weight in kilograms divided by the square of height in meters. Self-reported waist, hip, and chest circumferences were elicited by the question, "Please provide, to the best of your ability, your body circumference in inches." without further instruction. Bracup sizes were coded on a 5-point scale: 1 (A cup), 2 (B cup), 3 (C cup), 4 (D cup), and 5 (E cup or larger). Elsewhere, we have reported strong correlations between repeated questionnaires for self-reported running distances (r = 0.89) (27) , between self-reported and clinically measured heights (r = 0.96) and weights (r = 0.96) (27) , and for self-reported running distances versus self-reported BMIs and waist circumferences in cross-sectional analyses (27, 28) . Self-reported body circumferences were somewhat less precise, as indicated by their correlations with reported circumferences on a second questionnaire (waist: r = 0.84; hip: r = 0.79, and chest: r = 0.93) and with their clinical measurements (waist: r = 0.68; hip: r = 0.63, and chest: r = 0.77). Less than one-half of the men reported their hip circumference and therefore hip circumference was not included in the analyses.
Intakes of meat, fish and fruit were based on the questions "During an average week, how many servings of beef, lamb, or pork do you eat," ". . .servings of fish do you eat," and ". . .pieces of fruit do you eat." Alcohol intake was estimated from the corresponding questions for 4-oz. (112 ml) glasses of wine, 12-oz. (336 ml) bottles of beer, and mixed drinks and liqueurs. Alcohol was computed as 10.8 g per 4-oz glass of wine 13.2 g per 12 oz. bottle of beer, and 15.1 g per mixed drink. Correlations between these responses and values obtained from 4-day diet records in 110 men were r = 0.65 for alcohol intake, r = 0.46 for red meat, r = 0.38 for fruit, and r = 0.19 for fish. These values agree favorably with published correlations between food records and more extensive food frequency questionnaires for red meat (r = 0.50), wine (r = 0.66), beer (r = 0.70), and mixed drinks (r = 0.72), somewhat less favorably for fruit intake (r = 0.50), and less favorably for fish intake (r = 0.51) (30) .
For this report, baseline cardiorespiratory fitness was defined as speed in meters per second (m/s) of the participant's best 10 km race during the previous 5 years (reported as finish time in minutes). Published data support the use of running performance to estimate maximal oxygen consumption (VO 2 max) (31-33). Balke and Ware (31) initially reported a positive correlation between walk-run endurance performance and aerobic capacity when they suggested relating laboratory-determined VO 2 max to the distance covered in a given time period or to the time required to run a given distance. Hellerstein (32) accurately estimated the time in minutes to complete a marathon race from 70% of the VO 2 max and published energy costs of progressive running speeds.
Cooper (33) showed a correlation of r = 0.90 between VO 2 max from a laboratory treadmill test and 12-min walk-run test for distance.
Statistical Analyses
Cox proportional hazard model (JMP software version 5.0, SAS Institute, Cary, NC) was used to estimate the doseresponse relationships of incident gallbladder disease to baseline body weight and circumferences, average distances run per day, and cardiorespiratory fitness. Reported weekly intakes of alcohol, meat, fish, and fruit, along with age and BMI, were used as covariates, with quadratic terms for age and BMI because of their nonlinear relationships to running distance and each other (26, 28) .
RESULTS
There were 29,110 men and 11,953 women who were nonsmoking, nonvegetarian, and nondiabetic at baseline who reported average weekly running distance, height, weight, and age at baseline (80% of the original cohort who were nonsmoking, nonvegetarian, nondiabetic at baseline). Relative to the original baseline nonsmoking, nonvegetarian, nondiabetic cohort, those that were excluded or lost to follow-up were younger (excluded vs. included mean ± SE, males: 42.0 ± 0.1 vs. 44.8 ± 0.1, P = 0.0005; females: 36.0 ± 0.2 vs. 38.9 ± 0.1 years, P = 0.02), heavier (males: 24.27 ± 0.03 vs. 23.87 ± 0.02, females: 21.46 ± 0.05 vs. 21.29 ± 0.02 kg/m 2 , both P < 0.0001), had run fewer years at baseline (males: 11.3 ± 0.1 vs. 13.0 ± 0.05; females: 8.6 ± 0.1 vs. 9.9 ± 0.1 years, both P < 0.0001) and had run longer distances if male (males: 5.5 ± 0.0 vs. 5.4 ± 0.0, P = 0.0005; females: 5.0 ± 0.1 vs. 5.1 ± 0.0 km/day, P = 0.83). Mean ± SD presented for all variables except Caucasian (%). Significant difference between diagnosed and nondiagnosed by t-test or χ 2 coded:
The 29,110 men and 11,953 women included 166 men (0.57%) and 112 women (0.94%) who reported incident gallbladder disease during (mean ± SD) 7.74 ± 1.84 and 7.42 ± 2.10 years of follow-up, respectively. The characteristics of the sample are presented in Table 1 . Those who reported incident gallbladder diseases were significantly older and less educated if male, more overweight as measured by their BMI, bra cup size, and circumferences of the waist, hips, and chest, and had smoked more in the past. The incident cases also reported shorter weekly running distances and slower 10 km performance times than others. Incident gallbladder disease was associated with greater weekly serving of meat in women but not men, otherwise those reporting incident events had similar reported intakes of fish, fruit, and alcohol. Table 2 shows a significant increase in cholelithiasis risk with increasing BMI, waist circumference, and chest circumference in men, and increasing BMI, bra cup size, and circumferences of the waist, hips, and chest in women. Correction for differences in running distance had little effect on the relative risks. BMI appeared to account for all of the significant associations of circumferences and bra cup size with incident gallbladder disease. Figure 1 displays a progressive increase in risk with increasing BMI that accelerates sharply above 27.5 kg/m 2 . Even among healthy-weight women, the risk for gallbladder disease was significantly increased above 22.5 kg/m 2 vis-à-vis the leanest women (P = 0.04). Adjustment for physical activity diminished only slightly the increase in risk associated with BMI. Table 3 shows that men and women of greater cardiorespiratory fitness, as measured by their 10 km performance speeds, were at significantly less risk than those who were less fit. In both sexes, adjustment for distance run per week had negligible effect on the magnitude of the risk reduction. All results adjusted for age (age and age 2 ), race, education, pack years of cigarette use, weekly intakes of meat, fish, fruit and alcohol, and parity (women). Waist circumference was reported by 94.1% of men and 91.5% of women, hip circumference by 88.8% of women, and chest circumference by 81.5% of men and 91.5% of women, and bra cup size by 90.6% of women. Significance levels for relative risks were coded * P ≤ 0.05,
The risk reduction remained significant when adjusted for BMI in men. Although it became nonsignificant in women (P = 0.09), the magnitude of the women's risk reduction was entirely consistent with that of the men when BMI adjusted. Relative risk from survival analyses of self-reported physician-diagnosed gallbladder disease by BMI in 29,110 men and 11,953 women. All results adjusted for age (age and age 2 ), race, education, pack-years of cigarette use, weekly intakes of meat, fish, fruit and alcohol, and parity (women). Additional adjustment for physical activity (km/day) were indicated. Significant difference relative to the leanest men and women were coded * P < 0.05; † P < 0.01; ‡ P < 0.001; and § P < 0.0001. Figure 2 shows the linear decline in the men's and women's risk with speed, independent of distance run. Compared to the least fit men and women, men who ran faster than 4.75 m/s had 83% lower risk (75% lower when adjusted for km/day and BMI) and women who ran faster than 4 m/s had 93% lower risk (85% lower adjusted for km/day and BMI). The fittest men were also at significantly less risk than men who ran between 3.25 and 3.75 m/s (P = 0.03), and the fittest women were at significantly less risk than women who ran between 2.8 and 3.2 (P = 0.0004), 3.2 and 3.6 (P = 0.002), and 3.6 and 4.0 m/s (P = 0.005, analyses not displayed). Adjustment for BMI accounted for more of the risk reduction in women than men. The risk for gallbladder disease was also significantly related to weekly running distance (males: P = 0.005; females: P = 0.004), and this was ascribed to the leanness of the longer-distance runners.
DISCUSSION
In this paper, we have demonstrated a fundamental difference in the effects of cardiorespiratory fitness (10 km performance speed) and vigorous exercise dose on clinical gallbladder disease risk. Greater cardiorespiratory fitness was inversely related to the age-adjusted risk for gallstones, which was only slightly diminished by adjustment for usual distance run or BMI (Table 3 , Fig. 2 ). In contrast, the inverse relationship between gallbladder disease and physical activity was eliminated by adjustment for BMI, fitness, or both (Tables 1,2) . We also demonstrated clinically important declines in cholelithiasis risk that may extend through 64 km/wk.
In both men and women, physical activity had been shown by others to decrease the risk for gallbladder disease (4-10). The Health Professional Follow-up Study 8-year follow-up of 45,813 men found that men in the upper quintile of physical activity had a 37% risk reduction in gallbladder disease relative to the lowest quintile before adjusting for BMI, and a 28% risk reduction when adjusted for BMI (4). They reported that most of the risk reduction was attributable to vigorous All results adjusted for age (age and age 2 ), race, education, pack years of cigarette use, weekly intakes of meat, fish, fruit and alcohol, and parity (women). Significance levels for risk ratios are coded
physical activity, with 2-3 h of moderate running per week reducing risk by 20%. The Nurses' Health Study 10-year follow-up of 60,290 40-65-year old women found that the upper quintile of physical activity had a 31% risk reduction for cholecystectomies relative to the lowest quintile before adjusting for BMI, and a 21% risk reduction when adjusted for BMI (5) . In contrast to the finding for men (4), among female nurses they found that the risk reduction associated with vigorous exercise was only slightly greater than the reduction associated with moderately intense exercise (11 vs. 9 percent per 10 MET-hours per week) (5). Our results complement the Health Professional Follow-up and Nurses' Health Studies by extending the range of physical activity studied, and suggest important reductions in risk for gallstones for levels of vigorous exercise that exceed current public health guidelines of 30 min brisk walking on most days of the week (20) . A two-mile brisk walk 5 days/wk is the energy equivalent of running 10.9 km/wk (34), which corresponds to the lowest or referent category of Figure 2 . Thus relative to guideline levels, the analyses of Figure 2 suggests that the dose-response relationship between weekly distance run and clinical gallbladder disease risk extends through 64 km/wk (equivalent to 66 metabolic equivalents or METs), which is two-fold larger than the highest physical activity category presented by the Health Professionals Study (4), and three-fold larger than the highest category presented by the Nurses Health Study (5). Our lowest physical activity category corresponds to the middle quintile of the Health Professionals Study and the middle of the fourth quintile of the Nurses' Health Study. Taken together, the three studies suggest clinically significant reductions in cholelithiasis risk for guideline levels versus a sedentary lifestyle, and additional risk reductions of 60-70% that may accrue as high as 64 km/wk for those that exceed guideline levels.
The association between obesity and gallbladder disease is well established (2, 6). Although overall incidence for gallbladder disease in women was twice that of men, Figure 1 shows that the proportional increase in risk associated with obesity did not especially differ between the sexes. The risk increase was linear and similar in men and women for BMI's <27.5 kg/m 2 , but then increased somewhat more sharply in women then men. Higher waist and chest circumferences also increased risk in both sexes, as did greater hip circumference and bra cup size in women, but these regional adiposity measures appeared to simply reflect the risk associated with greater BMI. Others report that increasing weight is associated with a greater increase in gallbladder disease risk in women than men (35) , which may be less evident in our sample because of its overall leanness.
Both the Health Professionals Follow-up Study and the Nurses' Health Study reported that higher doses of physical activity reduced the risk of symptomatic gallstone disease independent of body weight (4, 5) . In contrast, at the higher levels of physical activity represented by our sample, the dose-response relationship between gallbladder risk and vigorous exercise appeared to be attributable to the greater leanness of the longer-distance runners (Table 2) . A reduction in gallbladder disease risk, mediated by body weight, would not diminish the public health significance promoting high-levels of vigorous activity because the leanness of the runners is largely the consequence of running. Specifically, we have previously demonstrated that self-selection accounts Relative risk from survival analyses of self-reported physician-diagnosed gallbladder disease by cardiorespiratory fitness (10 km race performance speed) and physical activity (km/day running distance). All results adjusted for age (age and age 2 ) race, education, pack years of cigarette use, weekly intakes of meat, fish, fruit and alcohol, and parity (women). Additional adjustment for physical activity (km/day) or BMI where indicated. Physical activity was analyzed in 29,110 men and 11,953 women, and cardiorespiratory fitness was analyzed in 24,491 men and 9,036 women. Significant difference relative to the least fit or active men and women were coded * P < 0.05; † P < 0.01; ‡ P < 0.001; and § P < 0.0001.
for only 26% of the differences in body weight between running levels in men (albeit 58% of the differences in women) (36) , and that vigorous exercise prevents age-related weight gain in proportion to the exercise dose (24) .
The novel finding of our analyses is the demonstration of a significant dose-response relationship between 10 km performance and risk that was largely independent of weekly distance run. Race performance times have been used as one of several indirect assessments of maximum aerobic capacity (treadmill test duration, submaximal ergometer test). The relationship could relate to innate differences between individuals affecting both risk and training capacity, which may be genetic. Studies in twins and other related individuals show that genes contribute substantially to exercise performance and aerobic capacity (37) (38) (39) . Other less significant factors affecting performance include oxygen consumption at submaximal speeds (i.e., running economy), muscle fiber composition, and anaerobic capacity (40-44).
The mechanisms by which greater cardiorespiratory fitness or other attributes that contribute to 10 km performance affect the gallstone pathogenesis are not known, particularly those mechanisms that relate to performance rather than the amount of physical activity. Greater fitness or performance ability may decrease biliary cholesterol secretion, or enhance gallbladder and colonic motility, given these factors are generally known to be related to gallstone formation (45) . Physical activity may also promote cholecystokinin release (46) , increase vagal tone and enhance colonic motility (47) , raise HDL-cholesterol and lower triglyceride concentrations (21, 22) , and improve glucose tolerance (21) . Increased intestinal throughput reduces gallbladder storage and interrupts enterohepatic circulation of bile acids without excessive caloric intake (48) . Hypomotility of the gallbladder, which is regulated by vagal cholinergic pathways and cholecystokinin (49), contributes to bile stasis and crystal formation (46) . Two studies by Utter et al. failed to show that acute or long-term exercise training increased gallbladder motility; however, the studies tended to be small and the interventions nonvigorous (50, 51) . Although an uncontrolled 4-wk training study by Sari et al. showed no significant change in gallbladder volume and motility in the early postprandial phase, it did show significantly decreased late-phase gallbladder volumes and increased late-phase gallbladder ejection fraction relative to pretraining levels (52) . Sport activity has also been associated with lower levels of biliary cholesterol, which may prevent cholesterol from precipitating in the bile (53) .
Physical activity and cardiorespiratory fitness also reduce the various obesity-related metabolic risk factors known collectively as metabolic syndrome, including low HDL cholesterol, a predominance of small low-density lipoprotein cholesterol particles, elevated triglycerides, hypertension, hyperglycemia, and insulin resistance (21, 22, 54) . Activity and fitness are inversely related to abdominal adiposity (21, 26, 28, 36) , a condition where excess fatty acids in tissues causes greater total cholesterol synthesis and the production of the more lithogenic bile resulting in cholesterol crystallization and gallstone formation (55) . Running also increases HDLcholesterol (21) , and fitness decreases hypertension (21, 23, 29) . There is a strong association between elevated systolic blood pressure and gallbladder disease that may in part be mediated by insulin resistance and high levels of plasma insulin (56) . Both increased plasma insulin levels and decreased HDL cholesterol levels are related to a higher bile cholesterol saturation index (56) .
Limitations
The primary limitation of this study is the absence of systematic gallstone screening by ultrasonography or other imaging technology. Thus, our findings are primarily germane to symptomatic clinical gallbladder disease and the incidental asymptomatic cases diagnosed by imaging for unrelated causes. Validation in the Health Professionals Study suggested only 1% of self-reported cases could not be confirmed by medical record validation (4) . Our data also do not distinguish whether vigorous physical activity lowers the prevalence of gallstone disease or its symptoms, since the majority of persons with gallstones are asymptomatic. The 1992 National Institutes of Health Consensus Conference on Gallstones estimated that 90% of patients with gallstones will not develop symptoms 5 years after diagnosis (57), and the 1995 Group for Epidemiology and Prevention of Cholelithiasis estimated that 74.2% will remain asymptomatic for over 10 years (58) . The true incidence of gallbladder disease will therefore be underestimated; however, uniform underascertainment is not expected to bias estimated risk (59) .
We also caution that the cohort does not necessarily represent a random sample of all runners given that only 15% of the targeted sample was recruited. Men and women who run regularly may differ from others genetically, socio-economically, psychologically, and with respect to other health behaviors. However, despite the select nature of the sample, we expect the biological processes that relate gallbladder disease to exercise, fitness, and adiposity to be similar in runners and nonrunners.
We do not believe that our findings are due to a difference in the frequency of medical check-ups by fitness or activity level. The Health Professionals Study reported that their more vigorously active participants had more routine medical check-ups than less active men (4) and there was no difference in routine medical check-up by activity level in the Nurses' Health Study (5). We did not record the frequency of physician visits in our cohort, but we have no particular reason to expect that these observations would not apply to the fitter, more vigorously active men and women of our study.
Summary
These analyses show that lower cardiorespiratory fitness or other attributes associated with slower 10 km race performance are previously undescribed risk factors for cholelithiasis. This may relate to innate characteristics of the men and women studied since cardiorespiratory fitness and cholelithiasis risk are both, in part, inherited. Prior reports that have interpreted fitness as simply a more objective measure of physical activity may ignore the importance of the metabolic factors that define fitness and improve performance on disease risk.
STUDY HIGHLIGHTS
What Is Current Knowledge r Gallbladder disease risk is lowered by physical activity.
What Is New Here
r Additional reductions in gallbladder disease risk are achieved at higher exercise doses than previously shown. Cardiorespiratory fitness lowers gallbladder disease risk independent of physical activity.
